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We present a novel method for obtaining depth-resolved spectra for determining scatterer size through elastic-
scattering properties. Depth resolution is achieved with a white-light source in a Michelson interferometer
with the mixed signal and reference fields dispersed by a spectrograph. The spectrum is Fourier transformed
to yield the axial spatial cross correlation between the signal and reference fields with near 1-mm depth
resolution. Spectral information is obtained by windowing to yield the scattering amplitude as a function of
wave number. The technique is demonstrated by determination of the size of polystyrene microspheres in a
subsurface layer with subwavelength accuracy. Application of the technique to probing the size of cell nuclei
in living epithelial tissues is discussed. © 2003 Optical Society of America
OCIS codes: 170.4500, 290.1350, 120.3180.Light-scattering spectroscopy (LSS) has received much
attention recently as a means of probing cellular mor-
phology1 –3 and diagnosing dysplasia.4 – 6 LSS exam-
ines the elastic-scattering properties of cell organelles
to infer their sizes. To measure cellular features in
tissues, one must distinguish singly scattered light
from diffuse light, which no longer carries easily acces-
sible information about scatterers. This distinction
is usually accomplished by polarization gating,1 by
restricting studies to weakly scattering samples,2 or
by using modeling to remove the diffuse component.4,5
Low-coherence interferometry (LCI) has been
explored as an alternative for detecting singly scat-
tered light from subsurface sites for LSS. Initial
experiments with a broadband light source and
its second harmonic showed that elastic-scattering
information could be recovered with LCI.7 More
recently, angle-resolved low-coherence interferom-
etry was used to obtain structural information by
examination of the angular distribution of scattered
light.8,9 Angle-resolved LCI has been successfully
applied to measuring cellular morphology3 and to di-
agnosing intraepithelial neoplasia in an animal model
of carcinogenesis.6 The latter study was significant
because it demonstrated the strength of joining LSS
and LCI as a biomedical diagnostic technique.
This Letter presents a new modality combining
LSS and LCI as Fourier-domain low-coherence in-
terferometry (fLCI). This new technique recovers
depth-resolved structural information by Fourier
transforming the spectrum of two mixed fields, as is
done with spectral radar.10 – 12 In fLCI, this approach
is used to obtain depth-resolved spectra of scattered
light. The capabilities of fLCI are demonstrated
below by extraction of the size of polystyrene beads
in a subsurface layer. These results are discussed in
the context of extending fLCI to probing the nuclear
morphology of subsurface cell layers.
The fLCI scheme is shown in Fig. 1. White light
from a tungsten source (6.5 W, Ocean Optics) is cou-
pled into a multimode fiber 200-mm core diameter).
The fiber output is collimated to produce a pencil beam
(5-mm diameter). The white-light beam is split by
beam splitter BS into a reference beam and an in-0146-9592/03/141230-03$15.00/0 ©put beam to the sample. The light scattered by the
sample is recombined at the beam splitter with light
ref lected by the reference mirror (M) and then coupled
into a multimode fiber. The output of the f iber coin-
cides with the input slit of a miniature spectrograph
(USB2000, Ocean Optics), where the light is spectrally
dispersed and detected.
The detected signal is linearly related to the inten-
sity as a function of wavelength I l, which can be re-
lated to the signal and reference fields Es,Er as
I l jEslj21 jErlj21 2ReEslErlcosf ,
(1)
where f is the phase difference between the two fields
and . . . denotes an ensemble average. We extract the
interference term by measuring the intensity of the sig-
nal and reference beams independently and subtract-
ing them from the total intensity.
We obtain the axial spatial cross-correlation func-
tion, GSRz, between the sample and reference
fields by rescaling the wavelength spectrum into a
wave-number k  2pl spectrum and then Fourier
transforming:
GSRz 
Z
dk expikz EskErkcos f . (2)
This term is an axial spatial cross correlation, related
to the temporal or longitudinal coherence of the two
Fig. 1. Schematic of fLCI system. Ls, lenses. Other ab-
breviations defined in text.2003 Optical Society of America
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tween the signal and reference fields when the sample
is a mirror, identical to the reference mirror. In
this case, the fields are identical and the autocorre-
lation is given by the transform of the incident f ield
spectrum, modeled as a Gaussian spectrum with
center wave number k0  10.3 mm21 and 1e width
Dk1/e  2.04 mm21 [Fig. 2(b)]. From this autocorrela-
tion, we determine the coherence length of the field,
lc  1.21 mm. This is slightly larger than the calcu-
lated width of lc  2Dk1/e  0.98 mm; the discrepancy
most likely is due to uncompensated dispersion effects.
Note that rescaling the field into wave-number space
is a nonlinear process that can skew the spectrum
if the process is not properly executed.13 In data
processing, we apply a cubic spline fit to the rescaled
wave-number spectrum and then resample with even
spacing. The resampled spectrum is then Fourier
transformed to yield the spatial correlation of the
sample. This processing is accomplished in real time
with LabView software.
In the experiments the sample consists of a glass cov-
erslip (thickness, d  200 mm with polystyrene beads
that have been dried from suspension onto the back
surface 1.55-mm mean diameter, 3% variance). Thus
we can write the field scattered by the sample as
Esk  Efrontkexpikdz 1 Ebackk
3 expikdz 1 nd , (3)
where Efront and Eback denote the f ield scattered by
the front and the back surfaces of the coverslip, re-
spectively; dz is the difference between the path length
of the reference beam and that of the light ref lected
from the front surface, and n is the index of refrac-
tion of the glass. The effect of the microspheres will
appear in the Eback term, as the beads are small and
attached closely to the back surface. Upon substitut-
ing Eq. (3) into Eq. (2), we obtain a two-peak distribu-
tion with the width of the peaks given by the coherence
length of the source.
To obtain spectroscopic information, we apply a
Gaussian window to the interference term before
Fourier transforming. This process is similar to
spectroscopic optical coherence tomography,14,15 as
we recover spectra for light scattered at a particular
depth. The windowed interference term takes the
form EskErkexp	2k 2 kwDkw2
. By select-
ing a window Dkw small) that is narrow compared
with the features of Es and Ek, we effectively obtain
EskwErkw . In processing the data below, we
use Dkw  0.12 mm21, which degrades the coherence
length by a factor of 16.7 but affords us the oppor-
tunity to examine the strength of the scattering at
50 different wave numbers over the 6-mm21 span of
usable spectrum.
Figure 3(a) and 3(b) show depth-resolved cross-
correlation ref lection profiles of the coverslip sample
before and after processing, respectively. Since these
profiles are represented as cross-correlation functions,
the plots are symmetric about z  0. Thus the front
surface ref lection for z . 0 is paired with the back-
surface ref lection for z , 0, and vice versa. Thesignal-to-noise ratio for the front-surface ref lection is
given by the Poisson noise of the array CCD in the
spectrograph (signal-to-noise ratio, 250:1); however,
the smaller ref lection signal from the back surface
suffers worse from noise (signal-to-noise ratio, 25:1).
Note that the coverslip ref lection introduces dispersion
relative to the reference-arm ref lection, generating
multiple peaks in the ref lection profile, as seen from
Fig. 3(a). When the spectroscopic window is applied,
only a single peak is seen for each surface; however,
several dropouts appear as a result of aliasing of the
signal.
To obtain the spectrum of the scattered light, we re-
peatedly apply the Gaussian window and increase the
center wave number by 0.12 mm21 between the succes-
sive applications. In this way, we generate a spectro-
scopic depth-resolved ref lection profile. Figures 4(a)
and 4(b) show the spectrum for light scattered from
the front and back surfaces, respectively, when no mi-
crospheres are present. The ref lection from the front
surface appears as a slightly modulated version of the
source spectrum. The spectrum of the ref lection from
the rear surface, however, has been significantly modi-
fied. Thus in Eq. (3) we now take Efrontk  Esk
and Ebackk  T kEsk, where T k represents the
transmission through the coverslip.
The light-scattering spectra when microspheres
are on the back surface of the coverslip are shown
in Figs. 4(a) (dashed curve) and 4(c). The ref lected
spectrum from the front surface has not changed sig-
nificantly, as expected. However, the spectrum for the
back surface is now modulated. We examine the scat-
tering properties Sk of the microspheres by writing
Fig. 2. Properties of white-light source. (a) Autocorre-
lation function showing coherence length lC  1.2 mm.
(b) Spectrum of source.
Fig. 3. Axial spatial cross-correlation function for a
coverslip sample. (a) High-resolution scan, with arrows
indicating the peak corresponding to each glass surface.
Note that the correlation function is symmetric about
z  0, resulting in a superposed mirror image of the scan.
(b) Low-resolution scan obtained from scan in (a) by using
a Gaussian window.
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(b) back surfaces of the coverglass sample when no mi-
crospheres are present. The spectrum of the front sur-
face changes little when microspheres are present [dashed
curve in (a)], but in the spectrum of (c) the back surface
exhibits periodic modulation.
Fig. 5. (a) Ratio of the spectra in Fig. 4, illustrating the
scattering efficiency of spheres for front (dashed curve)
and back (solid curve) surface ref lections. (b) Correlation
function obtained from the ratio of back-surface ref lections.
The peak occurs at the round-trip optical path through in-
dividual microspheres, permitting the size of the spheres
to be determined with subwavelength accuracy.
the scattered f ield as Espheresk  SkT kEsk and
taking the ratio EsphereskEbackk  Sk. This ra-
tio [Fig. 5(a), solid curve] shows that the microspheres
induce a periodic modulation. For comparison, the
same ratio for the front-surface ref lections [Fig. 5(a),
dashed curve] shows only a small linear variation.
Taking the Fourier transform of Sk yields a clear
correlation peak [Fig. 5(b)] at a physical distance of z
5.24 mm 61.05 mm. The measurement error arises
from uncertainty in the knowledge of the period of
the spectral modulation, given by the spectral reso-
lution, Dkw . The physical distance is related to the
optical path length through the sphere by z  2nl,
with microsphere index n  1.59. We then determine
the diameter of the microspheres to be l  1.65 mm
60.33 mm. Thus, with fLCI we are able to determine
the size of the microspheres with subwavelength ac-
curacy, even exceeding the resolution achievable with
this white-light source and conventional LCI imaging.
The anticipated application of fLCI is to deter-
mining the sizes of cell organelles, in particular,
the cell nuclei, in epithelial tissues. To accomplish
this will require several improvements in the setup.
In biological media, the relative refractive indices
are lower for organelles (1.03–1.06) than for micro-
spheres (1.59), and thus smaller scattering signals
are expected. The use of a higher-power light source
will permit the smaller signals to be detected. In
addition, the larger size of the nucleus than the mi-
crospheres in this experiment will result in a higher
frequency modulation of the spectrum. It is knownthat higher frequency oscillations are detected at a
lower efficiency with Fourier-transform spectroscopy
techniques.13 To detect these higher frequency oscil-
lations, a higher-resolution spectrograph will be used.
In conclusion, we have demonstrated that fLCI can
recover structural information with subwavelength
accuracy from subsurface layers based on measuring
elastic-scattering properties. The simplicity of the
system makes it an excellent candidate for probing
cellular morphology in tissue samples and may one
day serve as the basis of a biomedical diagnostic
device.
A. Wax’s e-mail address is a.wax@duke.edu.
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